ABSTRACT. Expressed sequence tag (EST)-derived simple sequence repeat (SSR) markers could enrich the current resource of molecular markers. In this study, microsatellite markers were developed for Dendrobium nobile Lindl. by mining the ESTs. Twenty-eight ESTSSRs amplified 2 to 6 nucleotide repeats with a mean number of 2.82 alleles per locus. The observed and expected heterozygosities per locus ranged from 0.158 to 0.579 and 0.422 to 0.752, respectively. These novel EST-SSRs enriched the current resource of molecular markers for the Dendrobium genus and would facilitate further applications in germplasm appraisal, evolution and genetic diversity studies, genetic mapping, and plant breeding of D. nobile and other congeneric species.
INTRODUCTION
Dendrobium nobile Lindl. is a perennial herb in the family Orchidaceae, which is famous for both horticultural and medical value all around the world. As one of the most widespread ornamental orchids, this species retains characteristics of different created varieties that bloom in different colors (Wang et al., 1999) ; as one of the 5 fundamental medical Dendrobium species, it was listed in the Chinese Pharmacopoeia (Chinese Pharmacopoeia Editorial Committee, 2000) and used as traditional Chinese medicine for centuries (Bulpitt et al., 2007) . Unfortunately, the wide germplasm resources of this species are now under first-grade state protection in China because of overexploitation and habitat deterioration.
Currently, it is necessary to develop more molecular markers such as microsatellite markers, which are dispersed extensively within the genome and are highly polymorphic, to overcome the limited availability of genetic marker resources that hinder genetic research in D. nobile. However, as a non-model plant that lacks a sequenced genome, thus far only over a hundred Dendrobium simple sequence repeat (SSR) markers have been reported (Gu et al., 2007; Xie et al., 2010; Lu et al., 2012a,b) . Here, we present the development of novel polymorphic expressed sequence tag (EST)-SSRs in D. nobile, which will be helpful for potential genetic applications.
MATERIAL AND METHODS

Plant materials and DNA extraction
The wild plants of D. nobile were collected from Simao (21°77'N, 100°96'E), Yunnan, China, and transplanted to the greenhouse of Hangzhou Normal University (120°19'E, 30°26'N), China. The species identity was verified and confirmed using the specimen of D. nobile (Barcoding No. 00293937 ) that was stored in the herbarium at the Institute of Botany, Chinese Academy of Sciences, Beijing, China (http://www.nhpe.org/ pe/00293937).
A modified cetyltrimethylammonium bromide (CTAB) extraction method was used to extract the genomic DNA from fresh leaf tissues (Rogers and Bendich, 1985) , and the concentration of each DNA sample was determined by NanoDrop 1000 (Thermo Fisher Scientific, Wilmington, DE, USA).
Isolation of EST-SSRs, primer design, and marker validation
In this study, a normalized flower organ EST library was constructed for the wild plants of D. nobile. The UniVec database (ftp://ftp.ncbi.nih.gov/pub/UniVec/) was used to detect vector and adapter sequences of all of the ESTs; the EST_trimmer.pl script (http://pgrc.ipk-gatersleben.de/misa/download/est_trimmer.pl) was used to remove the polyA/T tails and N characters; following the removal of the redundant sequences by the assembly CAP3 program (Huang and Madan, 1999) , a Perl-based script (MISA, http:// pgrc.ipk-gatersleben.de/misa/) was used to screen for the presence of microsatellites and was set to detect tandem repeats of 2-6 nucleotides for at least 5 perfect repeats as core motifs. At last, primers for the candidate SSR loci in ESTs were designed using Primer 3.0 (Rozen and Skaletsky, 2000) with the following settings: primer length, 20 ± 2 nucleotides; GC content, 40-60%; optimum annealing temperature, at least 50°C; and PCR product size, 100-300 bp. The primers were used to amplify SSR loci in D. nobile genomic DNA, and the amplified bands with bands that were clear and the expected size were sequenced to validate the corresponding repeat motifs. All of the sequences of the developed D. nobile SSRs were compared with the Dendrobium SSRs that were previously reported (Gu et al., 2007; Xie et al., 2010; Lu et al., 2012 Lu et al., , 2013 in order to determine that they were novel.
PCR conditions and data analysis
PCR was performed in a 20-μL reaction mixture that contained 50-100 ng genomic DNA, 1 U Taq polymerase with 1X PCR universal buffer, 1.5 μM MgCl 2 , 200 μM each dNTP (TaKaRa Bio. Inc., Kyoto, Japan), and 0.2 μM of each primer. PCR amplification was performed in a GeneAmp PCR System 9700 (Applied Biosystems, Carlsbad, CA, USA) with the following program: 95°C for 5 min; 30 cycles of 1 min at 95°C, 1 min at the annealing temperature of each primer pair (Table 1) , and 2 min at 72°C; and a final step at 72°C for 5 min. The PCR products were resolved on a 6% (w/v) polyacrylamide denaturing sequencing gel (7 M urea) using a Sequi-Gen GT sequencing cell (Bio-Rad, Hercules, CA, USA). SSR patterns were revealed using silver staining, and the SSR fragment size was evaluated with a 10-bp DNA ladder (Invitrogen, Carlsbad, CA, USA).
The polymorphism levels of each locus were assessed in 24 D. nobile individuals from Simao, Yunnan, in the southwestern part of China. The number of alleles (N A ), observed (H O ) and expected (H E ) heterozygosities, linkage disequilibrium (LD), and deviations from Hardy-Weinberg equilibrium (HWE) were analyzed using the GENE-POP version 4.0.10 software (Rousset, 2008) . CERVUS version 3.0.3 (Kalinowski et al., 2007) was employed to calculate the value of polymorphism information content (PIC).
RESULTS AND DISCUSSION
As shown in Table 1 , 28 D. nobile EST-SSRs were polymorphic within 24 individuals. The N A was 2.82, the mean H O was 0.350 (range: 0.158-0.579), the mean H E was 0.608 (range: 0.422-0.752), and the mean PIC value was 0.592 (range: 0.411-0.733). No significant LD was detected (P > 0.01), and 18 of 28 primer pairs displayed deviation from HWE (P < 0.05) in the Simao wild population that we surveyed.
The in-depth investigation of the population dynamics and molecular genetics of D. nobile and Dendrobium species has been hindered largely as a result of the lack of highly polymorphic codominant markers. These newly developed 28 polymorphic D. nobile EST-SSRs represent an additional resource for germplasm appraisal, evolution and genetic diversity studies, and genetic mapping and plant breeding of D. nobile and other congeneric species. Weinberg equilibrium. *,**, and *** = significant departures from Hardy-Weinberg equilibrium at P < 0.05, P < 0.01, and P < 0.001, respectively. n.s. = not significant. 
